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Abstract
We systematically study chromium arsenide in various crystal structures in order to investigate
the structural, magnetic and electronic properties for real applications. The calculations are per-
formed within the density functional framework using the projected augmented plane wave method
as employed in VASP code. Using the generalized gradient approximation (GGA) for exchange
correlation energy functional, we have calculated the lattice parameters, bulk modulus and co-
hesive energy. Here we show the structural parameters and magnetic properties of CrAs in six
different structures. The density of states are calculated and differences are compared. Our results
for structural and electronic properties are compared with the experimental and other theoretical
results wherever these are available
PACS numbers: 71.20.-b,78.20.Bh,78.20.Ci,71.55.-i
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INTRODUCTION
The 3d-transition metal mono pnictides, which crystallize either in the hexagonal
NiAs(NA)-type or the orthorhombic MnP(MP)-type structure, have multiple quantum or-
ders and competing phenomena, have attracted much interest due to their large variety of
physical properties. Chromium arsenide (CrAs) is one of the 3d-transition metal pnictides
with general formula MX(M=transition metal, X=P, As, Sb)[1].
Since the pioneer work of Selte et al, there is an agreement that CrAs presents an MP-type
orthorhombic structure, with a double-spiral AFM spin structure[2]. The crystallographic
and magnetic properties have been reported during 1970s[2–4]. The investigation of N.
Kazama and H. Watanabe[5] shows that CrAs reveal the structural phase transition from
the NA-type to the MP-type at Tt = 800 K, on further cooling below Tt, CrAs becomes
a double helix. Magnetic and neutron diffraction measurements have shown that CrAs,
crystallizing with the MP-type of structure, exhibits some interesting properties: magnetic
susceptibility versus temperature curves show a very flat maximum at about 820K, which
has been interpreted as antiferromagnetism. The compound CrAs has been known to show
a first order helimagnetic-paramagnetic transition at 265 K. The first order phase transition
is interpreted as an electronic transition between localized and collective states. In addition
to, various of novel physical properties are shown in the high quality single crystal of MP
CrAs[6, 7].
Spintronics (or magnetoelectronics)[8], which adding the spin degree of freedom to the
conventional electronic devices, has several advantages like increasing data processing, de-
creased electric power consumption, non-volatility etc.[9]. Because of potential applications
in spintronics, the half-metallic (HM) materials, which have 100% spin polarization at Fermi
level, have been attracted more and more attention since de Groot et al in 1983 first predicted
the HM behavior for the C1b-type half Heusler alloys NiMnSb and PtMnSb[10]. A great
effort has been made to find new HM materials, and various HM materials have been discov-
ered and investigated. The transition metal pnictides HM materials (e.g. CrAs, VAs)in the
zincblende (ZB) and wurtzite (WZ) structures are attractive because they are compatible
with the traditional III-V or II-VI semiconductors(e.g. GaAs, ZnTe). The ZB CrAs has
already been fabricated using the epitaxial technique. The degree of the spin polarization
at the Fermi level is estimated as 99.8% for ZB CrAs in M. Sharil’s work[11]. ZB-type CrAs
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theoretically by using first-principles electronic structure calculation[12, 13]the ZB phase is
not a ground state. But, so far, ZB CrAs has been fabricated on GaAs(001) substrates
by molecular-beam-epitaxy (MBE)[14–16]. Akinaga et al[16] found that it is possible to
fabricate ZB type CrAs HM ferromagnetic material. Experimental data confirmed ZB-type
CrAs is ferromagnetic with a magnetic moment of 3µB in agreement with theoretical pre-
dictions. Since CrAs system crystallizes in MP-type structure in the thermal-equilibrium
state, ZB-type CrAs should be sustained by a proper substrate with thin form where the
lattice constant is tightly restricted by the substrate. H. Ofuchi et al [15]have found that
ZB-type CrAs exhibits well-pronounced HM behavior with high Curie temperature above
400K. Also, WZ-type CrAs has been investigated by Miao et al[17] and Xie et al[18] based
on first-principle calculations, the CrAs in WZ-type was predicted to be HM ferromagnet.
But recently experiments on CrAs epilayers grown on GaAs(001) evidenced an orthorhombic
structure, different from the ZB one, so the structure is rather sensitive to the preparation
process[19].
Very recently, Wu et al.[20] and Kotegawa et al[21] independently discovered pressure-
induced superconductivity in vicinity of antiferromanetic (AFM) order in orthorhombic MP-
type crystal structure CrAs. CrAs is the first superconductivity found among the Cr-based
compounds. Also at low temperature a T 2 dependence of resistivity showing a Fermi-liquid
behavior in MP-type CrAs has been reported by W. Wu[22].
Besides, the magnetic properties of CrAs are also very sensitive to substitutions of other
elements. A substitution of only 7.5% of phosphorus for arsenic in CrAs yields a collapse of
the double spiral magnetic order[23]. Suzuki and Ido reported that the transition temper-
ature of CrAs is very sensitively influenced by other 3d metal substitutions for the Cr[24].
Therefore it is of interest to explore structural, magnetic and electronic structure properties
of CrAs in various crystal structures.
Here, we focus on a systematical study of chromium arsenide in various crystal structures
by means of pseudopotential plane wave method within the density functional theory in this
paper. We have performed first-principle calculations based for CrAs in six phases: The
sodium chloride or Rocksalt(RS), Cesium-chloride(CC), ZB, WZ, NA and MP type, in
order to investigate structural, magnetic and electronic structure properties. We report the
structural parameters, magnetic moments of six phases. Furthermore, we get the ground
state of CrAs by comparing the total energies. The density of states are calculated and
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differences between the phases are compared.
We shall give our computational details in the next section. Our main calculated results
will be presented in the third section. In the fourth section we shall discuss our results and
give our conclusion in section fifth.
COMPUTATIONAL DETAILS
Our density functional theory(DFT) calculations were performed by using the Vienna ab
initio simulation package(VASP)[25, 26]. This code solves the Kohn-Sham equations within
the pseudopotential approximation[27]. The generalized gradient approximation(GGA) to
the exchange correlation potential in form of the Perdew, Burke and Ernzerhof(PBE)[28]
functional was used in this work. After convergence tests, an energy cutoff of 650 eV for
the planewave expansion was selected, and integration using K-points 9 ∗ 9 ∗ 9 for RS, CC,
ZB,11 ∗ 11 ∗ 7 for WZ, NA and 7 ∗ 11 ∗ 7 for MP type, respectively. The K-points, sampling
over the irreducible Brillouin zone, were generated by Monkhorst-Pack scheme[29]. All the
structure have been optimized to achieve the minimum energy by accurate relaxation of the
atomic positions up to the energy accuracy of 0.01 meV. The pseudopotentials were tested by
comparing the pseudoeigenvalues with those generated by all electron calculations for several
atomic and ionic configurations. Stability of the results with respect to k-point sampling has
been carefully checked and the present choice represents a good comprise between accuracy
and computation time.
Since CrAs ia a prototype of the HM ferromagnets among the ZB 3d-transition metal
compounds, we have calculated its total energy in NM, AFM and FM phase for six crystal
structures.
(i)RS: B1, space group F 4¯3m, No.225. It composes of two face centered cubic lattices,
shifted by the vector[0.5,0.5,0.5], which results in an octahedral coordination for both cation
and anion.
(ii) CC: B2, space group P63mc, No.221. The CC can be described as two interpen-
etrating simple cubic lattices shifted by the vector[0.5,0.5,0.5] along the body diagonal of
the conventional cube. The underlying Bravais lattice is simple cubic, not BCC, since BCC
structures have the same element in the corners of the unit cell as well as the center of
the body. Cesium chloride has different elements at the corners of the unit cell than the
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FIG. 1: Crystal structures of CrAs in six different type:(a)the cubic rocksalt structure;(b)the cubic
CsCl structure;(c) the cubic zincblende structure;(d)the hexagonal Wurtzite-type structure;(e)the
hexagonal NiAs-type structure; and (e) the orthorhombic MnP-type structure.
one in the center of body. In CC structure, each anion in a given sublattice has 8 nearest
neighboring cations on the other sublattice, there are 6 second nearest neighbors of the same
type sublattice.
(iii) ZB: B3, space group F 4¯3m, No.216. The ZB structure structure is similar to
that of diamond, two interpenetrating face-centered-cubic lattices displaced by the vector
(0.25,0.25,0.25) along the body diagonal of the conventional cube. The coordination number
is 4, each atom of one kind is situated in an ideal tetrahedron made up of atoms of the other
kind. It is great important because of most semiconductors crystallize in this structure.
(iv) WZ: B4, space group P63mc, No.186. The WZ-type structure is regarded as a
distorted ZB-type structure with small shifts of atomic positions. it consists of two inter-
penetrating closed-pack lattices. In the unit cell there are four atoms of two different types,
forming two molecules (see Fig.1d). Each atom is surrounded by an tetrahedron of atoms
of opposite sort hexagonal analog to the ZB structure and has the same local environment
if one assumes the ideal c/a ratio and internal parameters u of
√
3/8 for the anion site. The
WZ and ZB structures are similar to each other
(v) NA: B81, space group P63/mmc, No.194. Fig 1f shows the hexagonal NA-type
structure, it has four atoms in the primitive unit cell. As atoms form a lattice like the
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hexagonal close-packed structure, and Cr atoms a simple hexagonal lattice. As distortion
and shifts are small, the NA and MP structures are basically similar. However even the
slight difference affects magnetic properties through change of electronic structure.
(vi) MP: B31, space group Pnma, No.62. As the orthorhombic MnP-type structure is
regarded as distorted NiAs-type structure with small shifts of atomic positions, the two
structures are similar to each other. As soon as the these distortions are small in CrAs, its
MP-type structure is basically similar to the NA-type structure[1]. The structure, illustrated
in Fig 1e, shows that each Cr atom is coordinated to six As atoms in an irregular octahedral
coordination. Each As atom is surrounded by six Cr atoms, arranged at the corners of
a distorted trigonal prism. This structure possesses a space-inversion symmetry, but it is
locally missing at the Cr and As sites, and both of these atoms form a zigzag chain along
the a axis.
MAIN RESULTS AND DISCUSSIONS
In the fully optimized calculations all lattice parameters and internal atomic positions
were relaxed to find out the theoretical ground state structure of CrAs. By fitting the
Birch-Murnaghan equation of state to the obtained total energies as a function of volume,
structural properties of the systems were determined. The results of structural properties
and magnetic moments of six structures for CrAs together with some other theoretical and
experimental results are summarized in Table I. There has been some experimental reports
on the ground state of CrAs, which is the AFM. We take AFM phase of MP-type structure
as the ground state phase in the following. It is observed from Table I that AFM MP-type is
the most stable among the states considered, this agrees well with the experimental ground
state, and theoretical structural parameters in this state are in agreement with experimental
values[2]. It is evidenced by cohesive energies that the fully optimized ZB-type structure
is metastable and 0.885 eV higher in energy than MP-type AFM state, it agrees well with
former’s work[30]. The equilibrium energy and volumes of the FM ZB-type and FM WZ-
type are almost the same, with their difference being only 2meV and 0.09A˚
3
,respectively.
From the Table I it can be clearly seen that the fully optimized MP-type CrAs in AFM state
is lower in energy than any other phases, so it is the stable phase. The NA-type AFM state
is 40 meV higher than MP-type AFM, and is the second-most stable phase.
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TABLE I: The calculated structural properties of the lattice types (LT) and magnetic states of
CrAs; SG: space group; a(A˚): lattice constants; L(A˚):length of Cr-As bond; M(µB): magnetic
moment per formula unit; Ec(eV): cohesive energy per CrAs pair; Em(eV):relative energy per
CrAs pair. TW:this work; OW:other work.
Results LT SG MS a/b/c L B Ec M Em
TW MP 62 AFM 5.5705/3.4981/6.2702 2.5562 83.33 -7.418 - 0
OW[2] MP 62 AFM 5.5773/3.5731/6.1289 - - - - -
OW[34] MP 62 AFM 5.637/3.445/6.197 - - - - -
OW[31] MP 62 FM 5.741/3.468/6.222 - - - - -
OW[32] MP 62 NM 5.649/3.463/6.212 - - - - -
OW[33] MP 62 NM 5.6520/3.4649/6.2087 - - - - -
TW NA 194 AFM 3.7793/5.3234 2.5558 135.36 -7.377 - 0.041
OW[34] NA 194 AFM 3.628/5.561 - - - - -
OW[35] NA 194 NM 3.55/5.68 - - - - -
TW WZ 186 FM 4.15/6.71 2.5178 68.65 -6.533 3.000 0.887
OW[18] WZ 186 FM 4.002/6.531 - 68.4 - 3.000 -
TW ZB 216 FM 5.6683 2.4545 68.83 -6.533 3.000 0.885
OW[13] ZB 216 FM 5.659 - 71.0 -6.533 3.000 -
TW RS 225 FM 5.1205 2.5603 94.86 -7.026 2.931 0.392
TW CC 221 FM 3.0003 2.5983 147.62 -6.792 1.183 0.626
The plots of calculated total energies versus formula volume for CrAs in six crystal
structures are shown in Fig.2. For the MP and NA structures only AFM phases are presented
because the NM and FM phases are always higher in total energy. Only the ferromagnetic
phases of ZB, CC, WZ, RS are presented because the NM and AFM phases are always
higher in total energy.
The calculated total energies for NM, FM, and AFM states of CrAs in MP-type structure
are plotted in Fig.3 as a function of crystal Volume. As seen in this figure, the total
energies calculations indicate that the AFM state is the most stable. This is consistent with
observation that MP-type CrAs is an AFM state. It is noted that the AFM state of CrAs in
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FIG. 2: (Color online) Total energy as a function of volume for CrAs in six crystal structures. For
every structure only the lowest phase of NM, AFM and FM is shown
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FIG. 3: (Color online)Energy as a function of volume of CrAs in NM, FM, AFM state at MP
structure.
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MP-type structure is energetically more stable compared to the FM and NM state over a wide
range of lattice volume. The equilibrium lattice volume is found to be. We noticed that the
energy of FM state in MP-type is higher than that of AFM about 0.036 eV which is smaller
than the AFM NA-type. This may explain that the new metastable FM orthorhombic
structure CrAs epilayers have been grown on GaAs(001) in a recent experiment[19], and it
agree with the results of Hashemifar’s [30].
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FIG. 4: (Color online)Energy as a function of volume of CrAs in NM, FM, AFM state at ZB-type
structure.
For the four FM structure: RS, CC, ZB, and WZ, we choose ZB as a representive. The
calculated total energies as a function of crystal volume for NM, FM, and AFM states of
CrAs in ZB-type structure are plotted in Fig.4. As seen in this figure, the total calculation
indicates that the FM state is most stable for this structure. This is consistent with the
previous work that ZB-type CrAs is an FM state[13, 16].
It was found that the WZ-type and ZB-type CrAs are HM ferromagnets. The magnetic
moments are 3.000µB Bohr magnetons for both ZB and WZ structures. We also calculate
the magnetic moments in all FM phases for this compounds, results are presented in Table 1.
The total magnetic moment for ZB-type FM was calculated as 3.000µB per CrAs pair, which
is in excellent agreement with the saturation moments estimated experimentally[16]and the-
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oretical results[13]. The magnetic moment of CrAs in FM state of four different structures
are calculated as a function of lattice volume and are shown in Fig.5.
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FIG. 5: (Color online) Magnetic moment-volume curves of four crystal structure CrAs in FM state.
With increasing volume, the magnetic moments of CC-FM grow rapidly, while the other
three grow slowly, the slopes become smaller and nearly constant as 3 per CrAs pair. The
dependence of the magnetic moments on the formula volumes is illustrated in the figure 5.
The moments are an integer, 3.000A˚, in the units of at the equilibrium volumes for WZ-type
and ZB-type CrAs and expanded volumes for RS-type CrAs, and remain unchanged down
−12% and −5% in relative volumes, respectively. The net moment of 3.000µB results from
the remaining four of the 3d plus two of 4s electrons of chromium bonding with the three
As p electrons. The moments of RS-type CrAs is 2.931µB at its equilibrium volumes.
To study the electronic structures and magnetic properties of the system, the total den-
sity of states(DOS) are calculated with these optimized structures.Spin-resolved total DOS
of CrAs with all the four FM phases in RS, CC, ZB, and WZ are presented in Fig.6. Fur-
thermore, in ZB and WZ phases, there are clear half-metallic gaps, which are defined as
the minimum of Ebc and Etv, where Ebs is defined as the bottom energy of minority-spin
conduction bands with respect to the Fermi energy and Etv the absolute values of the top
energy of minority-spin valance bands. This gap, rather than the minority-spin gap around
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FIG. 6: (Color online) Spin-dependent total densities of states (DOS, states/eV per formula unit)
of the four FM CrAs in stable magnetic state. Upper and lower parts of every panel are for
majority-spin and minority-spin, respectively.
the Fermi energy, is essential to a half-metallic ferromagnet. In Fig.6a, the DOS of RS CrAs
at the equilibrium lattice parameter 5.2105A˚ is given. Note that at equilibrium volume CrAs
in RS-type structure is not HM, but has a high spin polarization.
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Large HM gaps(Eg) are observed for both of them in the spin-down channel in the case of
ZB andWZ-type FM phase, which agrees well with former’s work[13, 18]. For the mechanism
of HM in the ZB and WZ structures of CrAs, please see the Ref.[13, 18, 36] for details. All
the FM states have a high spin polarization, except CC phase with a spin polarization as
2.8%.
CONCLUSION
First-principles calculations using density-functional theory have been performed to study
the structural, magnetic and electronic structure properties of CrAs in six different crystal
structure.Accurate structure parameters, lattice, bulk modulus were calculated. It was
found from total-energy calculation that the FM state is energetically favorable for RS-type,
CC-type, ZB-type,and WZ-type structure, AFM state for NA-type and MP-type structure.
The density of states shows HM behavior in ZB-type and WZ-type structures. A band gap
was found for spin-down electron, which is the signature of HM behavior for RS-type CrAs
with expanded lattice. We also confirmed the bulk ground state, an orthorhombic MP-type
structure with AFM spin order. The density of states shows AFM state metallic behavior
in both MP-type and NA-type structures. The results regarding structural parameters and
magnetic properties agrees well with experimental data and other theoretical works. We
hope our results to stimulate further interest in both theoretical and experimental research
in the binary compound CrAs.
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